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ON THE EFFECT OF TEMPERATURE ON THE 
DEVELOPMENT OF ANIMALS. 

FRANK R. LILLIE and F. l>. KNOWLTON. 

Protoplasm exercises its functions only within a certain 
range of temperature ; the range extends from a minimum 
temperature where its functions may be said to begin 1 to a 
maximum above which occurs heat rigor and death, through 
an optimum which lies nearer the maximum than the mini- 
mum. 2 The intensity of any function increases from the 
minimum to the optimum temperature and then, as a rule, 
decreases to the maximum, though never to the level of the 
minimum. This temperature influence is especially well 
marked in the case of the formative functions of protoplasm, 
and although the number of authors who. have noted this is 
very great, and although use is often made of it to facilitate 
observation, yet we have no adequate quantitative study of its 
effect in animals. The influence of temperature on growth in 
plants has, on the other hand, been carefully determined. 

The effect of temperature on development in animals is two- 
fold, — on the rate and on the form. The latter effect is pro- 
duced only by temperatures above the maximum or below the 
minimum. In this sense, then, the minimum temperature for the 
whole development is the lowest and the maximum the highest at 
which normal development may occur. The terms maximum and 
minimum will be used in this sense throughout this paper. 

The effect of temperature on the rate of development in- 
volves two variants, time and extent, which are directly pro- 
portional to each other. By making either of these a fixed 
quantity we can measure the effect of the different tempera- 
tures in terms of the other. It is generally advisable to fix 
the extent and to measure the times at different temperatures, 
because it is not possible, as a rule, to express the differing 

1 We do not mean to imply that there is absolutely no metabolism at sub- 
minimal temperatures. 

2 See Davenport, Experimental Morphology, vol. i, p. 227. 
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extents of development in the same time at different tempera- 
tures in terms of each other : if for instance we discover that 
at a certain temperature the egg of the frog develops in twenty- 
four hours to the blastula and at another temperature to a later 
stage of gastrulation, we cannot express the effect of the 
increase in temperature quantitatively ; but if, on the other 
hand, a fixed extent of development takes two days at one tem- 
perature and one day at a higher temperature, the effect of the 
increase in temperature is given quantitatively. However, in the 
case of mere growth in bulk or length, the extents at different 
temperatures within the same period of time can be directly 
compared. 

In our study of the effects of temperature on development 
we have included (i) the regeneration of Planaria torva; (2) 
the cleavage and gastrulation of Amblystoma and the frog; 
and (3) the rate of growth of the tail of tadpoles of the frog 
and toad. The observations made have been much more numer- 
ous and have taken up much more time than the tables would 
lead one to suspect ; this is due to the necessity of repeating 
observations to secure averages so as to eliminate the factor 
of individual variation, and to the great mortality at high tem- 
peratures. The temperatures below 22° C. are in all cases 
averages, owing to the impossibility of securing perfectly uni- 
form low temperatures during the time occupied by the experi- 
ments. The average temperature was calculated from daily 
readings in the longer experiments, and from more frequent 
readings in the shorter ones; the variation from the average 
was rarely more than one degree either way. 

I. Planaria torva. 

a. Normal Temperature Range. — The animals were cut 
transversely through the middle of the body, thus dividing the 
pharynx. The time of regeneration of a complete head on the 
posterior half at different temperatures was then measured. 

From the table it is seen that the lowest average tempera- 
ture at which regeneration took place was 3 C. : of six speci- 
mens at this temperature only one regenerated at all, and in 
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Average 


Average Time 


Number of 


Temperature. 


of Regeneration. 


Observations. 


3°C 


180 days (incomplete) 


I 


9° 


46.6 


a 


5 


13° 


21.5 


a 


6 


14° 


17.8 


a 


6 


21° 


7-3 


a 


6 


26° 


6 


it 


4 


28° 


5 


it 


16 


297 


4.6 


<( 


8 


3i-5° 


8.5 


" 


9 



Table I.- 



■ Table showing the time of regeneration at different temperatures of the posterior 
half of Planaria torva. 



six months the eyes and brain were still incomplete. Three of 
the others died before the six months were up ; two lived and 
showed no signs of regeneration, though they were responsive 
to stimuli all the time. These two were then put at room tem- 
perature, and one regenerated fairly normally, while the other 
showed no sign of regeneration, though it remained alive for 
several days. 

The optimum temperature is 29.7 C, and the time of regen- 
eration at this temperature 4.6 days, the fortieth part of the 
time at 3 C. At 31. 5 C. regeneration was slower, 8.5 days. 

The curve which follows (Fig. 1) shows the law of rate of 
increase. 

Between the minimum and the optimum the rate of decrease 
in time (increase in rapidity) of development diminishes with 
each degree rise in temperature. Let x equal the decrease in 
time for each degree increase of temperature, then : 

days. 



From 


3° to 


9° 


C. 


X 


= 


22.23 




9 °« 


13° 


C. 


X 


= 


6.275 




13° " 


14° 


c, 


X 


= 


37 




14° " 


21° 


c. 


X 


=: 


'•5 




21° " 


28° 


c, 


X 


- 


•3 2 9 




28° " 


29.7 c. 


X 


= 


•235 






Table II. 







b. Subminimal and Supramaximal Temperatures. — Very 
little effect was observable in the case of the subminimal tem- 
peratures. Some of the anterior halves showed a slight ten- 
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dency to form a bifid tail at 3 C. ; but the process was slow 
and never went very far. 

At temperatures above the maximum no abnormalities were 
found; at 32 the planarians regenerate partly; small eye-spots 
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Fig. 1. — Curve of regeneration of the posterior half of Planaria torva at different temperatures. 
The ordinates measure time in days and the abscissae temperature in degrees Centigrade. 

may appear, and death occurs in about six days ; at 33 there 
was very slight regeneration, the animals dying within three 
days. At 34 and above there was no regeneration, and death 
came on rapidly. 



2. The Early Development of Amblystoma tigrinum and the 
Frog (Rana virescens). 

The eggs of Amblystoma are laid in March, often before the 
ice is entirely out of the ponds, when the temperature of the 
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water is not more than 3 or 4° C. The weather usually 
remains cool for at least a month after the laying of the eggs, 
so that during the early development the water never becomes 
very warm. The eggs of Rana virescens are not laid until the 
water is much warmer ; thus they are never exposed to such 
low temperatures as Amblystoma. 

a. Normal Temperature Range. — The extent of the early 
development measured in both forms was from the first or sec- 
ond cleavage to the last stage of disappearance of the yolk plug ; 
these periods were selected as being most sharply marked 
ones ; and the time occupied even at the optimum is suffi- 
ciently long to reduce the amount of error to a very small 
proportion of the total time involved. 



Average 


Average Time 


Number of 


Temperature. 


of Development. 


Observations. 


4°C. 


288 hours 


2 


8° 


210 " 


4 


9-5° 


139.2 " 


5 


13° 


96 « 


2 


14° 


90 " 


2 


1 8° 


60 " 


3 


22° 


40 " 


6 



Table III. — Table of the time of development of the ova of Amblystoma tigrinum from the 
first cleavage to the last stage of disappearance of the yolk-plug. One observation does not 
mean necessarily a single egg, but often all the eggs of a bunch. 



Average 


Average Time 


Number of 


Temperature. 


of Development. 


Observations. 


4°C. 


471 hours 


I 


8.75 


192 " 


I 


12.12° 


126 " 


2 


1 6° 


60 " 


3 


22° 


27.5 " 


2 


24° 


25.5 " 


2 


26° 


21.5 " 


1 



Table IV. — Table of the time of development of the ova of Rana virescens from the first, 
second, or third cleavage to the last stage of disappearance of the yolk-plug. Each obser- 
vation means at least 30 eggs. The period between the first and third cleavages is relatively 
so short that it may be ignored in comparison with the whole time involved. 
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It will be noticed that the form of the curve is similar to 
the temperature regeneration curve of Planaria. The angle in 
the curve of Amblystoma would probably disappear with a 
sufficiently large number of observations ; that is, it is prob- 
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Fig. 2. — Curves showing the effect of the normal temperature range on the early development 
of Amblystoma and the frog constructed from the above tables The broken line is the 
curve of Amblystoma. The ordinates give the time in hours, 25 hours for each abscissa ; 
and the abscissae represent degrees Centigrade, 3° for each ordinate. 

ably due to individual variation in the eggs observed. It is 
important to notice that the optimum and maximum tempera- 
tures actually coincide. This is due to the difference in tem- 
perature range of the dark and light hemispheres ; the cells of 
the light hemisphere are much more easily affected by low and 
high temperatures than those of the dark (see section on sub- 
minimal and supramaximal temperatures). The cells of the 
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dark pole would probably show a maximum above the optimum, 
and similarly for the white ; but we are not able to prove this. 
It is also conceivable that the coincidence of optimum and 
maximum is due to the complexity of the processes involved, the 
temperature range possibly differing for the different factors 
concerned, such as cleavage, invagination, differentiation, etc. 

Let x equal the decrease in time for each degree increase in 
temperature ; the next table shows its value for Amblystoma 
and the following one for the frog. 

4° to 8° C, x - 19.5 hours. 

8° " 13 C, x = 22.8 " 
13 " 18 C, x - 7.2 " 
18° " 22 C, x = 5 

Table V. — Amblystoma. 

4° to 8.75 C, x - 58.7 hours. 

8.75 " 12.12° C, x = 23 
12.12° " 16° C, x = 16.5 " 
16° " 22° C, x = . 5.4 " 

22° " 26° C, X = I.5 " 

Table VI. — Frog. 

The same law holds as for Planaria : between the minimum 
and the optimum the rate of decrease in time of development 
diminishes with each degree rise in temperature. 

Below 1 4 eggs of Amblystoma develop more rapidly than 
those of the frog, and above less rapidly ; see curves (Fig. 2). 
The eggs of the frog also develop above the maximum for 
Amblystoma. This is undoubtedly an inherited effect of the 
different temperatures to which the eggs are normally exposed, 
as noted before. 

b. Subminimal and Supramaximal Temperatures. — Submin- 
imal temperatures have the same effect on the cleavage of the 
eggs of both forms. At o° C. cleavage is entirely inhibited. 
If the eggs of Amblystoma were put in a vessel containing ice 
and the vessel placed on ice in the refrigerator, cleavage was 
inhibited entirely or to a great extent in the white hemisphere, 
though it went on slowly and fairly normally in the dark hemi- 
sphere ; death occurred before gastrulation, the temperature 
being about i° C. The same effect was produced in eggs of the 
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frog at 2° to 3 C. At this temperature some of the eggs of 
the frog developed further, but always abnormally. The 
abnormalities produced were of the same nature as those 
described by Morgan and Tsuda ('94), by Hertwig ('94a) and by 
Gurwitsch ('96) in their studies on the effect of solutions of 
halogen salts of sodium and lithium ; that is to say, abnormal- 
ities in the region of the blastopore, principally spinae bifidae. 
No anencephalic monsters were found. 

Supramaximal temperatures have much the same effect, but 
the abnormalities are much more pronounced, owing partly to 
the fact that the embryo could be reared to a much later stage. 
In both cases the effect is undoubtedly due to the greater sensi- 
tiveness both to subminimal and supramaximal temperatures of 
the cells of the white hemisphere, as both Hertwig and Gur- 
witsch have remarked. The greater sensitiveness of the white 
cells is due to the relatively greater amount of yolk in them. 

3. The Growth in Length of Tadpoles of the Frog (Rana vire- 
scens) and Toad (Bufo lentiginosus) at Different Tempera- 
tures. 

a. Normal Temperature Range. — The tadpoles of the frog 
and toad were taken as soon as hatched (at the temperature 
of the room, 18-20 C.), and two measurements were made of 
each with the ocular micrometer under a very low power of the 
compound microscope (13.5 divisions = 1 mm.); the first meas- 
urement was the length of the tail from the anus, the second 
the total length. By subtracting the first measurement from 
the second we could get the length of the head and trunk, 
but this has not been included in the tables. At the end of 
24 hours the measurements were repeated. The tables give 
the difference between the first and second measurements, 
that is, the growth in length in 24 hours. The growth in 
length of the trunk is very variable, owing to the fact that 
it is increasing at the same time in breadth as well as in 
depth, and more so than in length. The growth of the tail, 
on the other hand, is almost purely growth in length, so it 
alone is represented in the form of a curve. The tadpole is 
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subsisting entirely on its yolk supply during the time of the 
measurements, therefore the factor of variable food supply is 
eliminated. Thus the figures for growth in length of the tail 
represent only the effect of the different temperatures, except- 
ing naturally individual variations which are partially eliminated 
by the averages. 



Average 


AVHRAGE 


Growth. 




Temperature. 


Tail. 


TOTA 




9.27° c. 


2.27 units 


4.5 units 2 


n° 


3.16 " 


5-33 ' 


3 


14.62° 


3-75 " 


4-27(?) 


* 2 


18° 


6.5 » 


9-5 ' 


' 1 


20.83° 


II. 16 " 


19.83 ' 


3 


25.27° 


22.75 " 


3i-5 ' 


' 2 


28° 


30 


40 


' 1 


29° 


33-5 " 


48 


' 1 


30° 


38 


47 


' 1 


3i-3° 


30.8 " 


40.16 ' 


3 


33° 


28 " 


43-5 ' 


' 1 



Table VII. — Growth in length of frog tadpoles in 24 hours at different temperatures. 

units equal 1 mm. 
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Fig. 3. — Curve of growth of the tail of frog tadpoles constructed from the above table. The 
ordinates represent units (13.5 = 1. 1 mm.) of growth and the abscissae degrees Centigrade. 

Comparison of the curves and of the tables shows that the 
growth of the frog tadpole begins at a lower temperature than 
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Average 


Growth of Tail. 


Total Growth. 


Observations. 


Temperature. 








9°C. 


.5 units 


3 units 


1 


n.6° 


2.66 " 


5-33 " 


3 


i 4 ° 


6. 5 « 


15-5 " 


1 


16.3 


7.8 " 


16.3 " 


3 


19-9° 


10.16 " 


21.16 " 


3 


24.8 


28 


41-3 " 


2 


26° 


34 


39 


1 


29° 


41 


56.7 " 


5 


30.i° 


41.6 " 


56.8 " 


5 


3>° 


44 


55 


1 


32° 


37-5 " 


55-5 " 


1 


33° 


41.5 " 


58 " 


1 


35° 


44 


57 


1 



Table VEIL — Growth in length of toad tadpoles at different temperatures. 13.5 units equal 
1 mm. The last three readings are from one lot of tadpoles, and their difference from the 
others represents individual variation. They are not included in the curve. 
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Fig. 4. — Curve of growth of the tail of toad tadpoles constructed from the above table. The 
ordinates represent units (13.5 =1. 1 mm.) of growth and the abscissae degrees Centigrade. 

the toad tadpole and that the latter continues to grow at a 
higher temperature (see table, not shown in curve) than the 
former. This is correlated with the fact that the eggs of the 
toad are laid later than those of the frog and generally in smaller, 
shallower pools, the temperature of which is relatively high ; 
this has caused acclimatization to a higher range. 
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There is a slight decrease in the rate of growth beyond the 
optimum in the case of the tadpole of the frog. This is prob- 
ably also the case with the toad, but our observations are not 
sufficiently extensive to show it, for the material gave out 
before it could be tested. 

In both the frog and the toad tadpoles the rate of increase 
is relatively slow up to about 20 , when the rate becomes sud- 
denly much more rapid. This is very marked in the tables ; for 
instance, the elongation of the tail in the frog tadpole is 1 1.16 
units at 20 in 24 hours, at 25 it is 22.75, or more than twice 
the amount at 20 ; in the toad tadpole the figures are 10.16 
and 28 at approximately the same temperatures, an even more 
striking increase. The curves show this too; see especially 
the curve for growth in length of the tail of the toad tadpole. 
Why there should be this sudden change in rate between 20° 
and 25 is difficult to determine. 

b. Subminimal and Supramaximal Temperatures. — As was 
to be expected, we found that very low temperatures — that is, 
below 3 in the case of the frog and 6° in the case of the 
toad — entirely inhibited growth. But we obtained one result 
which was entirely unexpected : at about 2° C. there was an 
actual shortening in the tadpoles of the frog in twenty-four 
hours ; this decrease in length was very slight, but sufficiently 
well marked to be plainly discernible, varying from .5 to 2 
units. It was most plainly shown in the youngest tadpoles. 
We have come to the conclusion that the decrease is due to a 
diminution in the turgor of the cells, caused by diminished 
endosmosis dependent either on the low temperature directly, 
or on the non-production of the active endosmotic substance 
within the cell, or on both factors combined. In this connection 
the observation of Davenport ('97) that "the immense increment 
in weight which accompanies the outlining of the form of the 
larva (tadpoles of frog and toad) and its organs is due almost 
solely to absorbed water " is of importance. 

Temperatures above the maximum for normal growth re- 
sulted as a rule very quickly in death of the tadpoles. There 
was, however, a marked tendency in the case of those that 
survived a sufficiently long time for the tail to grow out at an 
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angle with the axis of the trunk generally inclined ventrally, 
rarely dorsally, never laterally. 

4. General. 

This is the first time, I believe, that an attempt has been 
made to represent in the form of a curve the effect of tem- 
perature on the rate of development in animals, or that suf- 
ficiently extensive observations have been made to render this 
possible. The literature on the subject is mostly old and of 
historic interest only ; the principal papers are cited in the 
list of literature. A good and detailed discussion of it is to be 
found in chapter V of Preyer's Physiologie des Embryo ('85). 

But there have been more extensive observations on the 
influence of temperature on the rate of growth in plants. The 
following table, taken from Vines ( ! 9l), p. 293, shows the incre- 
ments in length of hypocotyls of various plants in forty-eight 
hours after Koppen and de Vries. 



KOPPEN. 


DE VRIES. 


Tempera- 
ture. 


ILupinus 

ALBUS. 


PlSUM 
SATIVUM. 


Lha 

Mais. 


SiNAPIS 
ALBA. 


Lepidium 

SATIVUM. 


LlNUM USI- 
TAT1SSIMUM. 


14.1° c. 

,5.1° 

1 8° 

21.6° 


9.1 mm. 


5.0 mm. 

8-3 




3.8 mm. 
24.9 

52.0 

44.1 
30.2 
10 


5.9 mm. 

38.0 

71.9 

44.6 

26.9 

0.0 


1.5 mm. 

20.5 

44.8 

39-9 
28.1 


1 1.6 


i.i mm. 

10.8 
29.6 


23-5° 
26.6 
27.4 
28.5 
30.2 
30-6° 
33-5° 
33-9° 
36.5 
37-2° 


31.0 
54.1 


30.0 
53-9 


50.1 
43-8 


40.4 
38.5 


26.5 

64.6 


14.2 


23 
8.7 


69.5 


12.6 


20.7 


9.2 









Table IX. — Increment in length of hypocotyls in 48 hours, from Vines ('86), p. 293. 

These figures are strikingly different in the relation of the 
maximum to the optimum from those which we have found 



No. 4.] 



THE DEVELOPMENT OF ANIMALS. 



191 



for animals. In all cases the maximum lies 6 to 8° above 
the optimum, and there is a very considerable decrease in the 
rate of growth from the optimum to the maximum. This is 
best seen in the following curve constructed from the above 
figures for Lupinus albus : 
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Fig. 5. — Curve of growth in length of the hypocotyl of Lupinus albus at different temperatures 
constructed from figures in Table IX. The ordinates represent growth in millimeters in 48 
hours and the abscissae degrees Centigrade. 

The ascending limb of the curve is very similar to the 
curves in Figs. 1-4. But the descending limb is much 
longer ; in animals, indeed, it may be entirely wanting. This 
indicates that while the general law of increase in rate of 
growth is the same for animals as for plants, plants have in 
general become adapted to resist temperatures farther above 
the optimum temperature of development. May this not be 
due to the fact that animals in general can and do retreat from 
the higher temperatures of direct sunlight, while plants are of 
necessity subjected to them ? Even developing embryos of 
animals which possess no power of locomotion of their own are 
placed so as not to be subjected to these high temperatures. 

It is rather interesting to find that the curves given above 
resemble in general form the curves measuring the rapidity 
of known chemical processes at different temperatures. See 
Freer and Dunlap. 
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We do not think it possible to state any general law as to 
the effect of supramaximal and subminimal temperatures on the 
form of development. The effect differs surprisingly in differ- 
ent organisms. So far as we know, most observations on this 
point have been made by subjecting the form or eggs to be 
experimented on to the abnormal temperature for a short time 
only, and then allowing development to continue at a normal 
temperature. Our observations, on the other hand, were on the 
continuous effect of abnormal temperatures. 

Hertwig ('94b) found that in twenty-four hours at o° C. no 
development took place, and that when the eggs were restored 
to the room temperature, in some of them " a larger or smaller 
part of the vegetative half of the egg was permanently injured, 
so that it could not undergo cleavage, and had to be gradually 
excluded from the healthy developing parts." Schulze ('94) 
doubts this, and concludes from his own observations " that 
the eggs of Rana fusca in the gastrula stage can withstand 
complete inhibition of the development (by cold) for fourteen 
days without any sort of injury." However, it is quite certain 
from our own observations that many eggs develop abnormally 
at 3° C, as already noticed. 

Hertwig ('94a), p. 314, has also noticed that by raising the 
temperature of the water in which eggs of the frog are develop- 
ing there is a certain point at which the lower pole is first 
injured and divides incompletely or not at all, while the black 
pole forms a disc of small cells. 

Driesch ('93) observed that abnormally high temperature 
caused great variations in the cleavage and partial suppression 
of micromere formation in both Sphaerechinus and Echinus. 
In a later study ('94) he tested the effect of abnormally high 
temperature (30 C.) on the gastrulation of Sphaerechinus ; exo- 
gastrulae were produced. If we suppose that the archenteron 
grows in the direction of least resistance, we must conclude, 
as Driesch points out, that the conditions of osmotic equilib- 
rium within the blastula have undergone alteration as the 
effect of the high temperature. 
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